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Herein, a strategy to control conformational changes in grafted polymer
brushes via photoinduced crosslinking of photoreactive groups

embedded into the lateral architecture of a polymer brush is reported.
Poly(methylmethacrylate)-based polymer brushes containing UV-light
(4=325 nm) photoreactive o-methyl benzaldehyde moieties are synthesized
using surface-initiated reversible deactivation polymerization. The conforma-
tional changes in polymer brushes upon UV-light triggered crosslinking are
comprehensively analyzed through a full suite of surface sensitive charac-
terization methods including time of flight secondary ion mass spectrometry,
quartz crystal microbalance with dissipation monitoring, UV/vis spectro-
scopy, atomic force microscopy, nanoplasmonic sensing, and neutron reflec-
tometry. The spatiotemporal control of the induced conformational changes is
demonstrated via photolithography experiments. To enable an additional level

and tailoring material surfaces is a critical
exercise. Functionalized surfaces span
applications from medical technology!?3l
to electronics® and coatings.””) One
approach to modify the surface proper-
ties of substrates, such as their hydropho-
bicity,®° anti-biofouling” or tribology,"”!
involves covalently tethering polymer
chains onto the surface, commonly known
as polymer brushes. The interaction of the
functionalized surface with its environ-
ment is determined by the chemical com-
position, as well as the length and density,
of the polymeric chains that are tethered
to the surface.™ In particular, the mass
density of a polymer brush and the dis-

of control, a second gate, the visible light (4 = 445 nm) active styrylpyrene
moiety, is incorporated into the polymer brush architecture. Critically, wave-
length-selective crosslinking behavior is observed in the diblock copolymer
structures allowing to crosslink specific sections of the lateral brush architec-

ture as a function of irradiation wavelength.

1. Introduction

The vast majority of interactions between materials and their
surroundings are governed by their surfaces.[!! Thus, designing
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tance between the tethering sites, referred
to as grafting density, strongly affect the
surface properties of the functionalized
substrate.'"?2  The chemical composi-
tion of a polymer brush can be tailored
toward desired material properties by
incorporating functional monomers into
the polymer chains. The surface function-
alization can either be achieved by tethering end-functionalized
polymers onto surfaces in a process known as “grafting-to,” or
polymer brushes can be grown in situ, from a surface-function-
alized substrate, which is known as “grafting-from.”"! Since
the latter “grafting-from” approach only requires diffusion
of monomers to the active site, instead of transporting large
polymer chains, it generally enables the formation of denser
and thicker polymer brushes compared to the “grafting-to”
approach.™l However, once a polymer brush has been formed
on a surface, it is challenging to adjust its conformation and
accompanying properties. For the ready applicability of polymer
brushes in many technologies (e.g., microelectronics),® the
spatiotemporal controlled change of surface properties post-
manufacturing is desirable.

A few examples of changes to the polymer brush conforma-
tion postfunctionalization span from temperature induced col-
lapse of polymer brushes, to pH tuneable conformational
changes,™ and interchain crosslinking.'®! Recently, Mocny
and Klok explored the reversible crosslinking of polymer
brushes using interchain disulfide bonds.”) The crosslinking
of the polymer brushes was achieved by heating the polymer
brushes to 60 °C under air, whereas the decrosslinking was
achieved by exposing the initially formed disulfide bridges to
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a chemical trigger, tris(2-carboxyethyl)phosphine hydrochloride,
releasing free thiol groups. Other examples of conformation
changes in polymer brush structures, and their properties, via
crosslinks, are based on the complexation of ions or low mole-
cular guests,®l the addition of bis(Pd'-pincer) complexes!'”) or
urea,l?’l depending on the functional moieties attached to the
polymer. Further examples in the literature demonstrate that
interchain crosslinking of polymer brushes can successfully
enhance the robustness and improve the mechanical proper-
ties of polymer brushes postmanufacturing.?'23l However,
stimuli such as temperature and chemical reagents provide no
spatial resolution over the induced changes in brush conforma-
tion, which prevents 2D resolved crosslinking of the polymer
brushes. The lack of control over polymer brush conformations
in surface patterning results in scarce utilization in real world
applications. By accomplishing spatiotemporal control over
surface properties through conformational changes in grafted
polymer chains, improved applicability of polymer brushes in
a wide range of technologies can be accomplished. One avenue
to achieve comprehensive control over polymer brush confor-
mation is by employing light-gated, interchain crosslinking to
modify the brush architecture.

Photochemical reactions provide facile access to spatiotem-
poral and wavelength-selective reaction control,?¥l resulting in a
plethora of manufacturing applications such as additive manu-
facturing and 2D lithography. Polymer brushes find particular
utilization in the field of photopatterning due to the ability to
selectively incorporate chemical functionalities during the syn-
thetic procedure.”’! Through improved synthetic protocols and
advanced manufacturing technologies, patterned surfaces with
multiple polymer brushes can be fabricated.?>*] The applica-
tions range from hypersurfaces,?®3% to microelectronics!'’!
and antimicrobial surfaces.?! To extend the photopatterning
approach even further, the incorporation of photoreactive moie-
ties to alter the surface properties postmanufacturing would be
beneficial.

Recently, our group demonstrated that photochemically
induced surface ligation reactions give access to wavelength
selective control over grafting densities.?? In this work, we
expand the spatiotemporal control of light-gated reactions
into polymer brushes. We herein develop a photochemical
crosslinking approach to induce conformation changes in
polymer brushes by incorporating photoreactive groups into
the lateral brush architecture (Scheme 1). The light-gated
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Scheme 1. Light-gated control of conformational changes in polymer
brushes grafted from surfaces, from free standing chains (red) to a
crosslinked layer (blue).

conformation changes were characterized with a comprehen-
sive suite of characterization methods including UV-vis spec-
troscopy (UV/vis), atomic force microscopy (AFM), neutron
reflectometry (NR), and quartz crystal microbalance with dis-
sipation monitoring (QCM-D). The introduced technology can
be readily employed to surface pattern polymer brushes. We
report the implementation of photochemical gates (o-methyl
benzaldehyde (0-MBA) and styrylpyrene (StyP) moieties) into
either monoblock (MB) or diblock (DB) copolymer brushes.
In doing so, we present an additional dimension of control
over the internal structure of polymer brush conformation via
photocrosslinking reactions, postmanufacturing.

2. Control of Conformational Changes in o-MBA
Containing Polymer Brushes

Homogenous polymer brushes bearing statistically distrib-
uted 0-MBA photoreactive moieties in the lateral architecture
(MB) were synthesized via a literature known surface initiated
reversible-deactivation polymerization (SI-RDRP) procedure.
Utilising the “grafting-from” approach, polymer brushes were
grown from silica surfaces functionalized with a reversible
addition fragmentation chain-transfer (RAFT) agent.**! Com-
prehensive experimental details on the brush formation can
be found in Section S2 of the Supporting Information. The
polymer brush consists of poly(methyl methacrylate) (PMMA),
which has the photoreactive moiety o-MBA statistically incor-
porated through the polymer with an 0-MBA containing mon-
omer M1 (17 mol% incorporation, see Figure S7, Supporting
Information). Upon photoexcitation with UV light, the o-MBA
unit isomerizes to form the reactive species o-quinodimethane,
which can undergo self-dimerization into various products
(Figure 1).134

To follow the dimerization of the incorporated 0o-MBA moie-
ties upon irradiation with UV light, UV/vis spectra of a surface
functionalized quartz cuvette (refer to Section S2.3.5, Sup-
porting Information) containing the o-MBA polymer brush
were recorded. The polymer brush was swollen in toluene and
UV/vis spectra were recorded intermittently during UV irradi-
ation with A = 325 nm. The reduction of the o-MBA absorb-
ance band can be seen in Figure 2A. After an irradiation time
of 60 min the absorbance maximum at A = 315 nm, attributed
to the o-MBA moiety, had disappeared, suggesting that the
0-MBA dimerization had proceeded close to completion and
negligible free o-MBA moieties remained in the polymer brush.
The performed UV/vis measurements of the polymer brush
crosslinking gives valuable chemical confirmation of the dimer-
ization reaction through the depletion of o-MBA moieties.
However, no direct information of the conformational changes
within the brush can be deduced from UV/vis measurements.

Further investigations of polymer brushes on planar silicon
surfaces (refer to Section S2.3.4, Supporting Information) via
AFM-based colloidal probe measurements demonstrated the
change in physical properties of the polymer brush upon UV
irradiation (Figure 2B). Through retraction of an AFM can-
tilever from the surface, the adhesion force between a col-
loidal probe (3.5 pm SiO, particle) and the polymer brush
can be determined. For the full experimental details refer to
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Figure 1. Schematic representation of the conformational change of MB polymer brushes through photochemical intermolecular crosslinking of grafted

polymer chains containing o-MBA moieties.

Section S1.7 of the Supporting Information. A distinct change
in adhesion force, from —500 pN for the non-irradiated polymer
brush to almost 0 pN for the UV-light irradiated sample, was
observed. The substantial difference in adhesion force can
be explained by the loss of freestanding polymer ends in the
crosslinked polymer brush.*? Freestanding polymer ends can
readily adhere to a colloidal probe and result in higher adhesion
between the polymer brush and the AFM probe. The AFM-
based colloidal probe measurements provide the first indication
of light-gated conformational changes in the polymer brushes.
In-depth investigation of the light-gated conformational
change of polymer brushes can be achieved with the aid of neu-
tron reflectometry (NR). NR measurements were performed
on the previously described MB structures and DB structures
containing PMMA with and without the photoreactive moiety
0-MBA, respectively. The evaluation of the NR spectra was
performed with refnx*>3% and a comprehensive summary of
underlaying calculations can be found in Section S1.4 of the
Supporting Information. The change in the modeled volume
fraction profiles of the MB and DB polymer brushes before and
after irradiation at 4 = 325 nm can be explained by a change
of conformation through crosslinking, and the accompanying
redistribution of density relative to distance from the surface
throughout the entire o-MBA containing block (Figure 3, thick-
ness and volume fraction). An increase in density (compression
of the polymer volume fraction) combined with a decrease in
swollen thickness from 65 to 50 nm can be seen in Figure 3A,
explained by the light triggered crosslinking of the MB struc-
ture (schematic representation at the bottom). For the two more
complex DB structures a distinct difference of the volume frac-
tion profile after irradiation can be observed in Figure 3B,C
(blue curves). The DBI1 structure, with the “active block”
(0o-MBA copolymerized with MMA) at the bottom and the “pas-
sive block” (only MMA) at the top, shows a strong increase in
density close to the substrate surface (Figure 3B) whereas the
inverse DB2 structure show a noticeable higher density fur-
ther away from the surface (Figure 3C). Schematic representa-
tions of the crosslinking of the DB structures are depicted at
the bottom (Figure 3B,C). The performed UV/vis, AFM, and
NR crosslinking experiments collectively confirm light trig-
gered changes in polymer brush conformation via chemical

crosslinking reactions. Additionally, the tested DB structures
show an additional level of control in the z-direction within
predefined areas of crosslinking through sequential “grafting
from” SI-RDRP.

Having demonstrated the ability to induce confirmational
changes in polymer brushes postmanufacturing, we now turn
to accessing 2D spatiotemporal control. To demonstrate this
spatiotemporal control over crosslinking, a predetermined area
of an MB polymer brush on a silicon substrate was irradiated
with UV light using a photomask. Detailed experimental proce-
dures are summarized in Section S3.1 of the Supporting Infor-
mation. Time of flight (ToF) secondary ion mass spectrometry
(SIMS) measurements were employed to assess the spatial res-
olution of the chemical crosslinking. ToF-SIMS images of the
irradiated samples reveal significant differences in the chem-
ical composition of the irradiated and non-irradiated areas. In
Figure 4A, the non-irradiated areas show a high abundance of
fragments assigned to the o-MBA photoreactive moiety, which
are not present in the irradiated area due to light induced
dimerization. Figure 4B shows the presence of the dimer frag-
ments exclusively in the irradiated areas of the sample. The
overlay of the sum of significant fragments for the o-MBA moi-
eties (red area—Figure 4C) and dimerized species (blue area—
Figure 4C) confirms the spatiotemporal control over the chem-
ical composition of the crosslinks and hence the light-gated
conformational change in the polymer brushes.

3. In Situ Change of Conformation in MB and DB
Brushes via QCM-D

To gain further insight into the kinetics of the conformational
changes in the polymer brushes, additional in situ measure-
ments were performed employing a hyphenated nanoplas-
monic sensing (NPS)B3738 QCM-D.B% In addition to online
monitoring, QCM-D measurements provide further under-
standing of the underlying changes in the physical proper-
ties of the polymer brush, i.e., stiffness, density, and optical
mass. A detailed description of the complete experimental
setup and the grafting of polymer brushes from QCM sensors
can be found in Section S1.3 of the Supporting Information.
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Figure 2. A) UV/vis spectra of a crosslinked monoblock polymer brush
(MB) via dimerization of o-MBA photoreactive moieties (reduction of o-
MBA absorbance band with increasing irradiation time) at a wavelength
of =325 nm on a quartz cuvette. B) AFM-based colloidal probe meas-
urements on freestanding and crosslinked polymer brushes, adhesion
force recorded through cantilever retraction (schematic representations
not-to-scale).

The NPS QCM-D setup enables the parallel in situ recording
of frequency, dissipation and nanoplasmonic changes of the
polymer brush during irradiation (see Figure 5). QCM-D
measurements of the functionalized sensors containing the
MB polymer brushes were recorded starting with dry meas-
urements, keeping the sensors in the dark. Once the base line
had stabilized, toluene was passed over the sensors until the
brushes equilibrated in the flow, at which point irradiation
experiments were conducted in a swollen state of the brushes.
The optics unit of the NPS system (4 = 300-880 nm) was found
to be sufficient to induce an initial conformational change
in the polymer brush (Figure 5A), whilst parallel recording
the NPS wavelength. By turning the NPS light source on
and off, temporal control over the conformational change in
the polymer brush could be demonstrated. Subsequent irra-
diation with a UV LED (A = 325 nm, Figure 5B) triggered
the crosslinking of any unreacted o-MBA and completed the
conformational change of the polymer brush. The negligible
change in the wavelength of the NPS measurement (Figure 5A
bottom graph) indicates that the optical mass of the polymer
brush is not changing significantly during irradiation.!l The
increase in resonance frequency and decrease in dissipation,
recorded via QCM-D, without any change in mass (dimeriza-
tion of o-MBA moieties result in no mass change),}* suggests
an increase in density and stiffness of the polymer brush above
the QCM sensor. These results confirm a thinner, denser layer
is formed, which can only be explained through the presence
of intermolecular crosslinks. The difference of the crosslinking
kinetics between the NPS optics and the UV LED-induced con-
formational change can be explained by the comparatively low
photon flux in the UV range of the NPS halogen lamp (refer to
the emission spectrum, Section S1.3, Supporting Information)
relative to the employed UV LED.
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Figure 3. Volume fraction profiles determined via NR measurements before (red dotted lines) and after (blue solid lines) photochemical crosslinking
of 0-MBA containing free standing chains (red to blue block). A) MB structure, B) DB1 structure with o-MBA containing block at the bottom and
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Figure 4. ToF-SIMS images of A) the o-MBA moiety (positive mode) and B) the dimerized/crosslinked o-MBA (positive mode), along with the respec-
tive chemical structures of the monitored ionized fragments (in red). C) Overlayed image with blue all possible 0-MBA dimer fragments (CygH190,",
Ci9H2O5%) and red all 0-MBA fragments (CigH;04%, CigHi304", CigH1305", CoHgO5").

To further extend the conformational control over the block
copolymer brushes, a second photoreactive moiety (StyP) was
incorporated into the polymer brushes. The A-orthogonal
addressability of the StyP and o-MBA moieties has been inves-
tigated in our previous studies, where we demonstrated that
both photoreactions can be induced exclusively by employing
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different excitation wavelengths.*2*31 Upon visible light irradia-
tion, StyP forms a [2 + 2] cycloproduct, whereas the dimeriza-
tion was reported to be suppressed in the UV region where the
0-MBA moiety is triggered. Incorporating each group into a
specific block of a dual block copolymer brush structure offers
the potential for an additional level of conformational control
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Figure 5. In situ QCM-D and NPS measurements on the crosslinking of o-MBA containing polymer brushes with an increase in frequency, decrease
in dissipation and constant NPS wavelength. A) For the first three time periods the NPS light (1= 300-880 nm) was employed to induce crosslinking
followed by B) UV-LED (A =325 nm) irradiation for fast completion of crosslinking reaction.



over the previously presented DB polymer brushes. Here, we
expand on the “active” and “passive” block architecture by incor-
porating two individually accessible photoactive blocks. Then,
with the careful selection of applied wavelength, not only can
the individual blocks be crosslinked, but rather both blocks in a
sequence dependent fashion. To investigate the conformational
control of the diblock copolymer brushes, additional QCM-D
experiments were conducted.

The diblock copolymer brushes DB* were prepared on
functionalized QCM sensors consisting of a firstb lock o f
MMA statistically copolymerized with StyP containing mon-
omer M2 (Figure 6, black polymer chains) and a second block
of MMA statistically copolymerized with the o-MBA con-
taining monomer M1 (Figure 6, red polymer chains) using
the SI-RAFT approach. Subsequently, QCM-D measurements
were performed as described above. The change in dissipa-
tion was measured in situ while sequentially irradiating the
blocks, by either irradiating first w ith v isible 1 ight f ollowed
by UV irradiation (Figure 6, right dissipation graph) or vice
versa (Figure 6, left dissipation graph). For more details refer
to Section S1.3 of the Supporting Information. By inducing
the visible light-gated dimerization of StyP moieties first
(crosslinking of lower block in copolymer brush), an ini-
tial decrease in dissipation energy was recorded, similar to
the UV light induced crosslinking of the o-MBA monoblock
polymer brushes MB (Figure 5B). An additional, subsequent

conformational change of the upper polymer block was
achieved by UV irradiation (refer to the two distinct steps in
the dissipation change in Figure 6, right dissipation graph).
These results indicate that it is possible to selectively crosslink
specific parts of the polymer brush architecture by choice of
irradiation wavelength, through incorporation of wavelength
selective photoreactive moieties in the lateral structure of the
polymer chain. When the irradiation sequence was inverted
and the same brush structure was irradiated with UV light
first immediate crosslinking of both photoreactive moieties
took place simultaneously. Further irradiation with visible light
did not result in a significant change of the brush conforma-
tion (see Figure 6, left dissipation graph). The in situ meas-
urements of the photoinduced crosslinking of the brushes
not only demonstrates that a change in energy dissipation of
the crosslinked polymer brushes give insights into the confor-
mational changes of their structure (crosslinks between the
polymer brushes of a block result in reduced dissipation), but
also highlights the loss of the sequence-independent irradia-
tion pathway, which was previously reported in highly confined
macromolecular environments of single chain nanoparti-
cles.'l While both crosslinking reactions can only be induced
selectively in a sequence of decreasing irradiation wavelength,
the control over the crosslinking sequence of upper and lower
block can be readily adjusted by synthetically inverting the dis-
tribution of photochemical gates in the two polymer blocks.
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Figure 6. QCM dissipation measurements on diblock copolymer brushes DB* containing StyP crosslinking moieties in the lower block and o-MBA
crosslinking moieties in the upper block with crosslinking induced by first UV light (1= 325 nm) followed by vis light (4 =445 nm) irradiation or second
vis light (1 =445 nm) followed by UV light (1 =325 nm) irradiation.



4. Conclusions

We demonstrate through comprehensive surface characteriza-
tion that the incorporation of photoreactive 0o-MBA units into
surface tethered polymers enables spatiotemporal control over
the crosslinking and conformation of polymer brushes. Pre-
cise control over conformational changes in polymer brushes
can be achieved through predetermined “active” blocks in the
brush structure via SI-RDRP. By incorporating a second photo-
gate into the lower block of the polymer brush, an even higher
degree of control over the z-dimension is achieved. By initial
irradiation with visible light, the lower part of the brush was
selectively crosslinked through the photodimerization of StyP,
while the upper part was subsequently crosslinked by irradia-
tion with UV light triggering the o-MBA reaction. While these
two photoreactive moieties displayed irradiation sequence-inde-
pendent crosslinking in solution and photoresists, the space
confinements i n t he p olymer b rushes p revented a s equence
independent addressability. As a consequence, initial irradia-
tion with the shorter wavelength induces crosslinking of both
blocks at the same time.

The introduced technology allows the utilization of surface
patterned polymer brushes in a wide variety of application
fields. The light-induced changes of conformation are accom-
panied with distinct differences in surface properties and can
be tailored by adjusting the SI-RDRP process. We submit that
by incorporating photocrosslinking moieties, which preserve
their sequence-independent addressability within the confined
environment of polymer brushes, control of conformational
changes in three dimensions becomes possible.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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